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BIOLOGY OF THE RANTES/SIS CYTOKINE 

FAMILY 

Thomas J. Schall 



The field of cytokine research has undergone a 
quiet but vigorous expansion in the last half decade. 
Advances in the understanding of the activities of the 
"traditional" immune cytokines such as the tumor 
necrosis factors (TNFs), the interferons (IFNs), the 
interleukins (ILs), and the colony stimulating factors 
(CSFs), have been enabled in part by the elucidation of 
the nature of the specific receptors for many of these 
molecules, and efforts are ongoing to dissect their 
signal transduction mechanisms. But the last five years 
have also seen the opening of a new field in immunobi- 
ology. During this time an entirely new class of cyto- 
kines has been discovered and characterized- This 
emerging supcrfamily of small secreted factors shows a 
degree of relatedncss not before seen with traditional 
immune cytokines, and its study promises the potential 
of key insights into a broad range of areas in immune 
regulation and disease states. 

Members of this new class of cytokines, which has 
been referred to as the platelet factor 4 (PF4) superfam- 
ily, 1 are related by predicted primary structural similar- 
ities and by the conservation of a four cysteine motif. 
The superfamily is bipartite, with the two branches 
being classified according to the position of the first 
two cysteines in the conserved motif. The "C-X-C 
branch, which includes such molecules as PF4 and 
intcrIeukin-8 (11^8), is characterized by the separation 
of the first two cysteines in the primary structure by an 
intervening amino acid (Fig. I). 2 " 4 In the "C-C" branch 
these two cysteines are directly adjacent. The C-X-C 
branch of of this superfamily claims a longer and larger 
history of experimental investigation, with FF4, its 
prototype, being first described in 1955; 5 its amino acid 
sequence was detailed in 1977. 6 More recently IL-8 and 
its proinflammatory activities have received a great 
deal of attention. Indeed, many of the molecules in the 
C-X-C branch appear to have proinflammatory proper- 
ties, mainly through their actions on neutrophils. The 
PF4 supcrfamily has been covered generally in a recent 
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review, 1 and IL-8 and related proteins have been 
specifically examined in a number of recent papers. 7 * 9 

This review will concentrate primarily on the C-C 
branch of the PF4 supcrfamily. It will describe the 
general properties of these molecules and detail their 
possible roles in physiological and pathological pro- 
cesses, while at the same time attempting to put their 
investigative histories into perspective with a view 
towards simplifying some of the apparent complexity of 
this family. The term "RANTES/SIS" has been used 
for the proteins of human origin in this [amily and, 
more for convenience than by convention, this designa- 
tion will be generally used here. Rapid expansion in 
this field, as well as independent reports of similar or 
identical molecules and the independent characteriza- 
tion of proteins of both mouse and human origin has 
resulted in non-standard and sometimes complex no- 
menclature (Table 1). Efforts are ongoing to solve this 
problem, but for the purposes of this report, identical 
or nearly identical molecules of all species will be 
classified under a single name as described below, with 
appropriate references to their alternative designa- 
tions » 

GENERAL CHARACTERISTICS OF 
RANTES/SIS CYTOKINES 

The human RANTES/SIS cytokine family com- 
prises at least six distinct molecules: RANTES, 1-309, 
monocyte chemotactic protein-1 (MCP-1), HC14, and 
the macrophage inflammatory proteins HuMIP-la and 
HuMIP-tp. Other names for these molecules, repre- 
senting either independently isolated clones or slightly 
variant molecules, and the identity of their mouse 
homologs are listed in Table 1. Most of the molecules 
in this family were first identified by molecular cloning 
techniques as cDNAs encoding proteins of unknown 
function. It is only now that many of their biological 
properties are coming to light. A schematic representa- 
tion of the approaches used to identify these cytokines, 
along with the molecules identified by each technique, 
is shown in Fig. 2. Many of the techniques employed to 
identify RANTES/SIS cDNAs exploited the intense, 
rapid induction of the mRNAs that encode some of 
these cytokines in immune cells. Typically, T lympho- 
cytes or peripheral blood mononuclear cells (PBMC) 
have been stimulated mitogenically (with lectins or 
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Figure I. Organization of the platelet factor 4 superfamily. 

homologs have been identified. 



phorbol esters) or antigenicully and cDNA libraries 
constructed from RNA harvested from these cells 
shortly after stimulation. Most of the various cDNA 
clones encoding HuMlP proteins have been discovered 
in this way, and murine JE (the homolog of human 
MCP-1) was originally isolated from serum-stimulated 
fibroblasts. By design, a hallmark feature of the mole- 
cules identified in this fashion is their marked inducihil- 
ity. In fact, in their induced states, the mRNA for these 
molecules can represent 1% of the total poly(A) 1 RNA 
in the parent cells. 17191 ' In contrast, most are not 
expressed in the unstimulated cell. This property, and 
the small size of the predicted secreted gene product, 
led to the early use of the "SIS" designation (Small 
Inducible Secreted) 13 for molecules of this class, as well 
as their inclusion in the "SIG" class (Small Inducible 
Genes). 40 Though inducibiiity is a feature of most of 
these genes, it is not a universal property. For example, 
RANTES mRNA is actually reduced after activation of 



differentiated "functional" T cell lines, even with the 
concomitant induction of some of the other members 
of the family. Hence the term "RANTES (Regulated 
on Activation, Normal T Expressed and Secreted)/SIS" 
may be more accurate, and reflects the designation 
used in two of the earliest reports recognizing a 
relationship among these molecules. 10 * 13 

Biochemical approaches, as well as studies in 
cellular immunology, have also led to the identification 
of molecules in this family (Fig. 2). The identification 
of monocyte chemotactic factors produced by lympho- 
cytes and tumors, for instance, led to the eventual 
purification and cloning of one of these factors, MCP- 1, 
which was the human homolog of the earlier identified 
mouse JE. Similarly, protein biochemical characteriza- 
tions of potential inflammatory factors released from 
stimulated murine macrophages led to the identifica- 
tion of the murine MIP-1 molecules. 

All R ANTES/SIS cytokines share a typical primary 



Table 1. C C cytokines. 

Roster of RAXTES/SIS cytokines, alternative name,, mouse homologs, and variant clones. References 
describing isolation of molecules or use of alternative designations are listed in parentheses. 



RANTES/S1S 
Cytokines 



RANTES (10) 1-309(11) 



Mouse homologs and 
alternative names; 
variant clones 



TCA3 (12) 
P500, SISe (13) 



HuMIP-la 



HuMlP-l0(22) 



MCP-1 (29) 



HC14(37) 



Alternative human hSIS8 (13) hSISe (13) 
names and variant 
clones 



pLD78, LD78(14) 
hSISu, hSIS(J (13) 
pAT464 (15) 
GOS19 (16) 



TY5, SlSa, SISp (17,13) 
MlP-l,MIP-la (18,19) 
SCI (20) 
L2G25B (21) 



HH400, hSISa(13) 
Act-2 (23) 
pAT744(15) 
G-26(ll) 
HC21 (24) 
H1MAP (25,26) 
MAO-5 (27) 

H400, SIS-v (13) 
MIP-1, MIP-1(J (18,28) 



MCAF (30,31) 
WE (32) 

LDCF, GDCF (33-35) 
MCP- la, *ip(36) 
HCU (37) 
TSG-1 (38) 



JE (39) 
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Figure 2. Isolation of RANTES/SIS cytokines. 

Schematic representation of methods by which 
RANTES/SIS and related cDNAs were obtained. 
Names of independent clones and variants are listed 
beneath the appropriate category. Human clones are 
listed to the left and mouse clones to the right in the 
differential hybridization category. Other categories 
list either all human or all mouse molecules as 
described in the text. 
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structure: a cleaved signal peptide of about 20 to 24 
amino acids and a mature secreted protein of 68 to 76 
amino acids. Each of four cysteines is absolutely 
conserved in the six molecules of the family, as are a 
number of other residues (shaded boxes and areas, Fig, 
3A). Other amino acids, though not absolutely con- 
served, appear in a majority of the cytokines in the 
family (Fig. 3A). The four conserved cysteines proba- 
bly exist as disulfide bridges, as has been shown to be 
the case with p-thromboglobulin (3TG), 44 PF4, 42 and 
JL-8* 344 in the C-X-C branch and MCP-1 36 in the 
RANTES/SIS branch. In this arrangement, disulfide 
bridges link the first cysteine to the third, and the 
second to the fourth, resulting in a secondary structure 
with two loops. The intact looped domains are proba- 
bly essential to the functions of these molecules, as 
suggested by the loss of function of IL-8 after reduction 
and alkylation. 44 Since it appears that proteins of the 
C-C class will not bind receptors specific for C-X-C 
proteins (references 45 and 46, and discussed below), it 
is likely that binding specificity is a function of differ- 
ences in primary structure rather than of the overall 
array of the looped domains. 

The primary sequences of the RANTES/SIS cyto- 
kines predict secreted molecules with masses of 7,800 
to 8,700 daltons. Their actual biochemical behaviors 
arc somewhat more diverse than this. RANTES/SIS 



cDNAs, when expressed in mammalian cells, encode 
secreted molecules with apparent molecular masses 
ranging from 8,000 to 18,000 daltons (Fig. 3B). Only 
RANTES and HuMIP-la migrate as predicted from 
their primary structure. HuMIP-ip, though 70% iden- 
tical to HuMIP-la in primary structure, migrates as a 
much more diffuse mass ranging from 8 to 12 kD. 
MCP-1 exhibits at least two bands of approximately 10 
and 14 kD, and 1-309 (kindly provided by M. Miller and 
M. Krangel, Duke University) appears in a number of 
forms: a protein doublet of 15 to 16 kD and a minor 
band corresponding to an 8-kD core protein. The 
reasons for these diverse behaviors are not wholly 
known, but, as discussed below, these related cytokines 
display an unexpected array of behaviors and proper- 
ties. 

MlP-l Proteins 

The biochemistry and investigative history of the 
two proteins of which "macrophage inflammatory pro- 
tein r* (MIP-l) is composed make it useful to discuss 
them jointly. The name MIP-l reflects the fact that 
these two proteins were originally copurified from 
endotoxin-stimulated mouse macrophages and were 
defined as a single protein. 1 * Many of the biological 
activities of what we now know to be two closely related 
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Figure 3. Structures of RANTES/S1S cytokine. 
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but distinct proteins, MIP-loc and MlP-ip (HuMIP-la 
and HuMIP-Jp in humans), were subsequently ex- 
plored with the murine MIP-1 protein preparation and 
some of these activities may require the presence of 
both proteins. 

Prior to the description of MIP-1, a human cDNA 
clone designated pLD78, which encoded a protein of 
unknown function, was isolated from human tonsillar 
lymphocytes that had been stimulated with mitogen 
and phorbol ester." This clone, the first described 
cDNA for any of the RANTES/SIS cytokines, was 
found to be highly inducible: its mRNA expression 
rapidly increased 30-fold in lymphocytes after stimula- 
tion with phytohemagglutinin (PHA) and the phorbol 
ester 12-0-tetradecanoyl phorbol acetate (TP A, refer- 
ence 14). The same report described a genomic clone, 
LD78, which appeared to be highly related to, but 
distinct from, pLD78. Later studies have shown that 
these two clones represent two distinct but highly 
related genes. The genomic organization of the 
RANTES/SIS cytokines is discussed below. 

The first isolated murine homolog for LD78 was 
TY5, a cDNA obtained from activated T helper cells 
and identified in a 1986 paper, 17 but whose sequence 
was not reported until much later. 1 ' In 1988 Cerami 



and co-workers identified MIP-1 while purifying TNF 
and an inhibitor of friend erythroleukemia cell differen- 
tiation from endotoxin-stimulated mouse macro- 
phages. 18 MIP-1 was described as an acidic, heparin- 
binding protein that resolved as a doublet of 
approximately 8,000 daltons on SDS-PAGE. 1 * The 
MIP-1 protein preparation caused footpad inflamma- 
tion characterized by an infiltration of neutrophils in 
endotoxin-resistant mice, as well as mild neutrophil 
chemokinesis and low amounts of HA release from 
neutrophils in vitro. The in vitro activities were found 
to be maximal at relatively high concentrations of 
MIP-l (£l lig/ml), and these high concentrations 
were thought to be necessary because of the propensity 
of MIP-1 to form large aggregates. 18 ' 47 It has therefore 
been difficult to assign activities for MIP-1 on a molar 
basis. It is also possible that at high concentrations 
MIP-1 might be acting on neutrophils via a receptor for 
a related molecule, such as IL-8, and these activities 
might not reflect a direct or major physiological role of 
MIP-1- MIP-1 has been shown to have other unique 
properties: it is the first known endogenous pyrogen 
that works via a prostaglandin-independent pathway, 48 
and it can syncrgize with the hematopoietic growth 
factors granulocyte-macrophage CSF (GM-CSF) or 



(613) 952-8247 



Order # 05928195DP04919943 Wed 21 Dec 2005 02:46:36 PM EST 



Page 6 of 20 



RANTES/SIS cytokines / 169 



macrophage CSF (M-CSF) to enhance granulocyte- 
macrophage colony formation. 49 

Partial NH 2 -terminal sequencing of MIP-1 re- 
vealed a major sequence with minor residues occurring 
consistently at the same positions. 18 Further biochemi- 
cal analysis showed that MIP-1 was composed of two 
distinct but highly related proteins, designated MlP-la 
and MIP-1 p. Cloning studies confirmed that murine 
MlP-la and MIP-1 0 were encoded by separate 
genes.'"' 2 * The mature secreted forms of murine MIP-lcx 
and MIP-ip, as well as their human homologs, are 
nearly 70% identical. 

An almost bewildering number of cDNAs encod- 
ing the MIP-1 proteins and their human homologs 
(which for the sake of convenience will all be catego- 
rized as either "HuMIP-la" or "HuMIP-lp") have 
been independently obtained by a number of groups 
using a variety of methods (Table 1 and Fig. 2). In 
addition to TY5 (a MIP4a equivalent), Zurawski and 
colleagues obtained both mouse and human H400 
(MIP-1 p equivalents) and murine P500 (a variant of 
TCA3/I-309, see below) by differential hybridization." 
All of these cDNAs represented very abundant mRNAs 
[0,5 to 1% of total poly(A) + mRNA] induced in stimu- 
lated T helper cells. 13 Another murine clone identical 
to MIP-la/TY5, designated L2G25B, was obtained by 
differentia! screening. 21 

The human MIP-loc (HuMIP-la) cDNAs that 
have been independently cloned include pLD78, 
pAT464 (obtained from PBL stimulated with PITA and 
TP A, reference 15), and GOS19, isolated from PBMC 
as a gene expressed in the G 0 to Gj switch induced by 
lectin and cyclohexamide treatment. 15 

The existence of several independently isolated 
clones encoding HuMIP-lp also causes some confu- 
sion in this family. There are at least seven indepen- 
dent reports of HuM IP-lp cDNAs, many of which vary 
slightly in the proteins they encode: Act-2, identified by 
differential screening of an activated T-cell library; 23 



pAT 744, isolated from stimulated PBL along with 
pAT 464; 15 G-26, identified jointly with another 
RANTES/SIS cytokine, 1-309 (see below) from acti- 
vated PBMC; 11 HC21, cloned from PBL stimulated 
with anti-CD2 mAb; 24 and finally MAD-5a and MAD- 
5p, which were cloned from adherence-induced mono- 
cytes. 27 MAD-50 is an exact, albeit truncated, match of 
Aet-2, and MAD-5a exhibits a 115-bp deletion after 
the leader sequence. This deletion results in a com- 
pletely frame-shifted open reading frame encoding a 
putative mature peptide of 28 amino acids. It is not 
clear whether MAD-5a represents a mature mRNA 
but Sporn et al. suggest that MAD-5a is an active 
transcript. 27 

Many of these HuMIP-ip cDNAs encode slightly 
variant proteins, being between 94% and 98% identi- 
cal. A cDNA clone isolated in this laboratory, formerly 
referred to as HIMAP ?5 26 and now simply referred to as 
HuMIP-ip, is shown aligned with other HuMIP-lp- 
encoding cDNAs in Fig, 4, The functional significance 
of this "family within a family" is not known, but recent 
evidence suggests that there are multiple nonallelic 
forms of both HuMIP-la and HuMIP-lp genes, 16 - 50 ' 51 
and this could account for the microvariability of these 
cytokines. 

Expression of mRNAs for human and mouse 
MlP-la and -ip suggest that they are mostly restricted 
to hematopoietic cells including B and T lymphocytes, 
mast cells, and myeloid cell lines. Recent evi- 
dence also suggests that HuMIP-la is expressed in 
fibroblasts under certain circumstances (reference 51 
and unpublished observations) and in a number a fresh 
hematopoietic tumors and cell lines. 54 

Biological function data on the MIP-1 proteins has 
mostly been obtained from mouse systems and has 
suggested that these molecules have proinflammatory 
properties. As the mouse data were obtained mainly 
with the MIP-1 protein preparation, it is not clear 
whether all of the activities of murine MlP-la and 
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Predicted primary sequence com- 
parison of HuMIP-lp isolated in 
this laboratory with independently 
isolated clones Act-2, pAT 744, 
hH40U, and G-26. The mature pro- 
tein begins at Alanine 24 as de- 
scribed for Act -2." Amino acid 
abbreviations as in Fig. 3A. Dashes 
represent identical residues, dif- 
ferences are listed beneath the 
IIuMIP-lp sequence, Deletions are 
represented by (*). 
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MIP-1S are separable. There have been as yet few 
reports of data obtained with the murine recombinant 
MlP-la and M1P-16, proteins. One finding suggests 
that MIP-1«, but not MIP-10, is a specific inhibitor of 
hematopoietic stem cell proliferation. 20 To date there 
is no published information on the activities of the 
human proteins. The disparate biochemical nature of 
the mature human MlP-la and MlP-lfJ proteins (Fig. 
2B) hints that the biological properties of these cyto- 
kines could be different. This is supported by studies in 
this laboratory, which indicate that HuMIP-la and 
HuMIP-lB specifically target and attract separate 
subpopulations of lymphocytes, and thus may be impor- 
tant in lymphocyte trafficking.* The relevance of these 
and other findings regarding the activities of the M1P-1 
proteins proteins is discussed below. 

MCP-1 

In 1970, Ward and co-workers provided early 
experimental evidence for the existence of specific 
lymphocyte-derived monocyte chemotactic factors." In 
that study lymphocytes from sensitized guinea pigs, 
when stimulated in vitro with the sensitizing antigen, 
produced a mononuclear cell chemotactic factor. 
Shortly thereafter, Snyderman and Altraan and col- 
leagues obtained a partially purified monocyte chemo- 
tactic factor with a mass of ~ 12.5 kD from antigen- 
induced lymphocytes, which they designated LDCF. ' 

Nearly ten years later Stiles and co-workers re- 
ported that gene "JE" could be massively induced in 
murine fibroblasts by platelet-derived growth factor 
(PDGF), 56 and this gene was subsequently character- 
ized by Rollins, et al. 39 Murine JE encoded a small, 
secreted glycoprotein of unknown function with a mass 
of ~ 25 kD. Two groups subsequently purified a human 
monocyte-spccific attracting factor, which they postu- 
lated to be the same as LDCF, from a glioma cell 
line' 455 and a monocytic cell line. 30 This factor, which in 
this report is simply referred to as monocyte chemotac- 
tic protein-1 (MCP-1, for reviews see references 8 and 
36), was originally designated glioma-derived chemo- 
tactic factor (GDCF) by Yoshimura et al., 35 and mono- 
cyte chemotactic and activating factor (MCAF) by 
Matsushima et al. 50 Subsequent cloning of the cDNA 
for MCP-1 showed it to be highly similar to murine 
j E ».jui» The MCP-1 protein is 62% identical to 
murine .IE in a region of 68 shared N-terminal resi- 
dues, but murine JE extends an additional 49 residues 
to elongate the carboxyl portion of the molecule. 
Though it is widely accepted that JE and MCP-1 are 
species homologs, the significance of the predicted 
protein differences is not clear. 

Human MCP-1 is a basic peptide of 76 residues 
with a predicted molecular mass of 8,700 daltons. It 
behaves on SDS-PAGE, however, as multiple species 
with masses ranging from 8 to 18 kD. Leonard and 
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Yoshimura have reported two molecular species of 15 
and 13 kD, which they designate MCP-la and MCP- 
1B respectively. 16 The source of the apparent mass 
difference between MCP-la and MCP-1B is not due to 
differences in amino acid composition, and both forms 
are secreted by cells in the presence of inhibitors of 
N-glycosylation."' RoU j„s et al. report the secretion of 
three major forms of recombinant MCP-1 (which they 
designate human JE) of Mr 15,500, 15,000, and 13,000 
from tunicamycin-treated cells. 32 Data from Jiang et al. 
suggest that differences in the processing of O-linked 
carbohydrates account for the heterogeneity of MCP-1 
produced by different cell types. 5 ' In addition, an 
N-terminally processed form of MCP-1 has been re- 
ported. 5 * 

MCP-1 is inducibly expressed mainly in mono- 
cytes, endothelial cells, and fibroblasts. 3 "'* 0 Optimal 
expression by T lymphocytes seems to require the 
presence of monocytes. Studies in this laboratory have 
not detected MCP-1 expression in several T cell lines 
stimulated by alloantigen in the absence of monocytes, 
or in a number of T cell clones stimulated with the 
superantigen Staph entcrotoxin B (SEB) or anti-CD3 
antibody in the presence of 1L-2. Certain transformed 
cell lines and sarcomas, including the glioma line from 
which it was purified, seem to constitutivcly express 
MCP-1, but normal fibroblasts, endothelial ceils, and 
monocytes require IL-1, TNF, or lipopolysaccharide 
(LPS) treatment. 145 *" MCP-1 gene expression has also 
been detected in human retinal pigment epithelium 
cells after IL-1 and TNF stimulation® and in epidermal 
keratinocytcs, 63 and Valente et al. report the produc- 
tion of an MCP-l-like protein in baboon arterial 
smooth muscle cells." 4 The possible significance of 
MCP-1 production by smooth muscle cells and tumor 
cells is discussed below. 

HCJ4 

A subtracted library made from PBMC stimulated 
with an anti-CD2 monoclonal antibody was the source 
of two cDNA clones, HC11 and HC14. 37 Since it has 
been shown that these sequences are transcribed 
predominantly in peripheral blood non-lymphocytes, it 
has been postulated that these genes are induced in 
monocytes in response to IFN-y produced by anti-CD2- 
stimulatedT cells. 37 . . . 

HC11 is identical to MCP-1 but, interestingly, the 
sequence reported for HC14 has not previously been 
described and is 62% identical to MCP-1. 37 This degree 
of identity approaches that exhibited by the MIP-1 
proteins. Since MCP-1 and HC14 are so highly related, 
and since neither appears to be highly expressed in 
lymphocytes, these two molecules may be functionally 
and evolutionarily linked in much the same fashion as 
the MIP-1 proteins. No biochemical or functional 
characterizations of HC14 have yet been published, 
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but future studies should be of considerable utility in 
evaluating whether HC14 is a functional "MCP-2." 

1-309 

Burd et al, using subtractive hybridization, identi- 
fied a gene massively induced in T cells following 
antigen or concanavilin A (Con A) stimulation. 12 This 
gene, TCA3, encodes an mRNA that represents as 
much as 1% of the total poly(A) + RNA fraction in T 
cells after Con A treatment. Detection of the human 
homolog of TCA3 was elusive until the report of the 
discovery of 1-309, a cDNA originally isolated from a 
76 T cell receptor (TCR)-positive T cell line. 11 1-309 
and TCA3 are only 42% identical in amino acid 
sequence, but they share an additional pair of con- 
served cysteines and have marked nucleotide sequence 
homology in 5' flanking regions. 11 This 5' region in- 
cludes conserved motifs for an NF-KB-binding se- 
quence, an E1A enhancer core sequence, and a bind- 
ing site for the macrophage and lymphocyte-specific 
transcription factor PU.1 (see below), 

1-309 mRNA expression is found in a variety of 
human T cells and in Jurkat ceils, but, unlike MCP-1 
mRNA expression, is not found in activated endothe- 
lial cells or fibroblasts." Similarly, TCA3 mRNA is 
induced in all subsets of murine T cells tested and in 
mast cells, but is not present in resting T cells."' 53 Jn 
FBMC, 1-309 is not induced by PHA or anti-CD3 
stimulation, 11 and there have been no reports of 1-309 
or TCA3 mRNA expression by monocytic cell types. 

Recombinant 1-309 expressed in mammalian cells 
appears as secreted multiple molecular species ranging 
from 8 to 16 kD (Fig. 3B and reference 11). The murine 
recombinant TCA3 protein is an N-glycosylated mole- 
cule of 16 kD, with a core protein of 8 kD" Though 
there are no reports yet on the biological activities of 
1-309, partially purified TCA3 has been shown to cause 
footpad swelling in mice, suggesting a role for this 
cytokine in inflammation. 65 

The murine cDNA clone P500 13 probably repre- 
sents a splice variant of TCA3 * P500 is identical to 
TCA3 except that it contains an insert of 99 bp in the 
C-tcrminal coding region. This insert results in an 
altered carboxyl terminus of the predicted P500 pro- 
tein relative to TCA3. The presumed mature P500 
protein would be 62 amino acids in length rather than 
69 for TCA3. P500 would also lack the last of the 
canonical four cysteines in the conserved family motif, 
as well as the site for N-glycosylation thought to be 
functionally Jinked to a glycan in TCA3. 

The genomic loci for 1-309 and TCA3 have been 
characterized/* Genomic sequencing of the TCA3 
gene reveals that it carries two distinct splice acceptor 
sites in the second intron. The utilization of the 
alternative sites could result in different transcripts 
with distinct third exons. The 99-bp insert present in 
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P500 represents an insertion immediately 5' to the 
start of exon 3 of the TCA3 transcript/* Hybridization 
studies using a cDNA probe corresponding to a por- 
tion of the 99-bp insertion indicate the presence of 
approximately one P500 variant for every 12 TCA3 
clones in a T-cell library. 11 Alternative splicing of the 
human 1-309 transcript has not been described, but 
1-309 and TCA3 exhibit a perfectly conserved stretch 
of 14 nucleotides that span the P500 alternative splice 
site 66 in the second intron. The overall nucleotide 
homology elsewhere in that intron is only 36%. Thus, 
alternative mature mRNA transcripts may exist for 
both TCA3 and 1-309 and encode molecules of as yet 
unknown functions. The resulting proteins, if trans- 
lated, would clearly not share the typical two disulfide- 
bridged structure proposed for all other members of 
the RANTES/SJS family. 

RANTES 

Of the cytokines in the family, RANTES is the only 
one whose transcription is not rapidly induced in 
hematopoietic cells. In fact, in fully differentiated, 
functional cultured T cells, the expression RANTES is 
markedly reduced after cellular activation with anti- 
gen, 10 

RANTES cDNA was originally obtained from a 
subtracted cDNA library 10 made from RNA isolated 
from a functional, non-transformed T cell line 3 to 5 
days after antigen stimulation, from which was sub- 
tracted RNA from a B lymphoblastoid line. The use of 
these mRNAs biased the representation of genes in the 
subtracted library to T cell-specific transcripts present 
long after the initial burst of early activation transcrip- 
tion. The genes present might also represent those 
found in normal, but not transformed, lymphoid pheno- 
types. This idea is supported by the fact that none of 
the genes isolated from this library, including RANTES, 
is induced in T cells or PBMC soon after cellular 
stimulation, shows early activation transcription pro- 
files in T cell lines, or appears to be transcribed by any 
Tcell tumor line tested, 10 The lack of rapid induction in 
PBMC and, particularly, the unusual reduction of 
mRNA in stimulated T cell lines may explain why 
RANTES is unusual in this family in not having been 
independently isolated by a number of groups (Table 

i). 

RANTES protein is a highly basic polypeptide 
(pi ~ 9.5) expressed as a recombinant 8-kD molecule 
in a mammalian expression system (Fig. 3B and refer- 
ence 67). It does not appear to be glycosylated. 
RANTES has been shown to be a chemoattractant for 
peripheral blood monocytes, and it exhibits the un- 
usual ability to selectively attract T cells of the CD4'/ 
CD45RO + phenotype in vitro, while not affecting T 
cells of other phenotypes. 67 The possible significance of 
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these attractant properties is examined more thor- 
oughly below. 

MOLECULAR GENETICS OF THE 
RANTES/SIS CYTOKINES 

Gene Structure and Chromosomal Localization 

Amino acid and predicted structural similarities 
suggest that RANTES/SIS cytokines, and the superfam- 
ily to which they belong, share a common evolutionary 
history. Molecular evidence is now accumulating to 
support this view- The gene structures for HuMIP-la, 
-lp, MCP-1, and 1-309, as well as some of their mouse 
homologs, have been characterized. Ail exhibit a three 
exon/two intron structure, where the first exon contains 
the 5' untranslated sequence and coding nucleotides 
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for the leader peptide, the second exon encodes the 
N-terrninal half of the mature protein, and the third 
exon consists of carboxyl region-coding nucleotides and 
the 3' untranslated region (Fig. 5A and references 16, 
50, 66, 68). The fine structure of some of these genes 
has been mapped, revealing highly conserved intron/ 
exon junctions among these genes. The position of the 
second intron in all of the molecules is precisely 
maintained, splitting the codon of a conserved isoleu- 
cine residue (Fig. 5B). Similarities in numbers of exons 
and sjplice junctions are also conserved between mouse 
and man (Fig. 5b and references 66, 68, 69). Further- 
more, the structure of the genes for the RANTES/SIS 
cytokines is also very similar to that seen in the C-X-C 
branch of the PF4 superfamily. The splice junctions 
between C-C and C-X-C genes are conserved, 66 ' 6 * 
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Figure 5. Chromosomal organization of RANTES/ 
SfS cytokine genes. 

(A) Intron/exon structure of genes encoding 
HuMIP-la {two genes, 1 and 2, as described in 
references 16, 50, and 51), MCP-1,™ 1-309,* and 
HuMlP-lp" which have all been mapped to human 
chromosome I7qll.2-q21. Boxes denote exons, with 
open spaces representing untranslated regions, 
hatched areas representing signal peptide coding 
nucleotides, and filled areas representing mature 
protein coding nucleotides. Numbers above boxes 
denote amino acids encoded by that exon. Lines 
represent in irons, with number in parentheses repre- 
senting the number of nucleotides in that intron. (B) 
Comparison of amino acid and nucleotide sequences 
around intron/exou boundaries in human and mouse 
molecules. Nucleotides contained within exons are 
capitalized; nucleotides within introns are in lower 
case. Amino acids are represented in three-letter 
code. The number of amino acids (X) present in 
exon 2 between those listed is denoted by tbe 
subscript numeral. HuMIP-la* represents two char- 
acterized genes"^ with nucleotide and amino acid 
differences in exon 1, intran 1, and exon 2 as shown. 
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though typically C-X-C genes contain one additional 
exon, encoding a few carboxyl-tcrminal amino acids 
and the 3' untranslated regions, 

The RANTES/SIS cytokine genes are not only 
related in their structural organization, but they ap- 
pear to be closely clustered on human chromosome 17. 
Current data put the location of the RANTES/SIS 
gene complex at 17 qll-q21. SIWs7 ° Irving ct al. indicate 
that genes encoding HuMIP-la and HuMIP-ip are 
separated by only 14 kb. 5 " A similaT situation exists in 
mice, where all of the mouse homologs of RANTES/ 
SIS cytokines so far mapped appear to be closely 
clustered on murine chromosome II. 68 The murine 
cluster lies on a portion of chromosome 1 1 so exten- 
sively homologous to human chromosome 17 that 
linkage data from this region of the mouse chromo- 
some has been applied to analyses of the human 
genome,™ The C-X-C cytokine genes examined to date 
are also clustered in humans, and have been mapped to 
chromosome 4 q21-q23 (for review see reference 1). 

Some of the variation seen among the independent 
clones for HuMIP-la and especially HuMIP-lp (Table 
1 and Fig. 4) may be explained by the presence of 
multiple, non-allelic forms of the genes encoding these 
cytokines. There are reports of two functional 
HuMIP-la genes with the presence of at least one 
more HuMIP-la locus whose transcriptional status is 
not known, ]Wl and Irving et al. show that at least two 
HuMIP-ip genes exist. 50 It has been proposed that 
variable amplification events are responsible for the 
occurrence of the microhctcrogeneity among HuMIP-1 
cytokines and the prevalence of their expression. With 
HuMIP-la, one of the genes seems preferentially 
expressed in adult lymphoid cells 16,50 and all cloned 
HuMIP-la cDNAs to date are identical. The number 
of cloned cDNA variants for HuMIP-ip suggests that 
one gene is not expressed as preferentially as that seen 
withHuMIP-lcL 

The RANTES/SIS cytokines map to the same 
region of chromosome 17 that has been implicated in 
von Rcckinghauser neurofibromatosis (NF-I gene) 
and in acute promyelocyte leukemia. Given that 
HuMIP-la has been shown in the mouse to have an 
inhibitory effect on some hematopoietic precursor 
cells, 2 " the role of the RANTES/SIS cytokines in 
proliferative disorders bears further investigation. 

Potential Regulatory Elements 

Despite predicted structural similarities and the 
clustering of the genes on human chromosome 17, 
transcription of the RANTES/SIS cytokine genes is 
differentially regulated. While mast are massively induc- 
ible in hematopoietic cells, RANTES is not, and the 
expression of such genes as 1-309 and MCP-1 is widely 
disparate. Figure 6A shows that in the functional T cell 
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line DLaSH the accumulation of mRNA for both 
HuMIP-la and -lp is highly induced within 2 hours 
after antigen stimulation, and begins to return to basal 
levels 72 hours after stimulation. In contrast, an inverse 
pattern of RANTES mRNA expression is detected in 
the same cells, and MCP-1 is not expressed. In freshly 
isolated PBMC, HuMIP-la and -lp are again highly 
induced shortly after PHA and TPA treatments, but 
relative levels of RANTES and MCP-1 mRNA remain 
low. The inducibility and relative levels of mRNA for 
these cytokines in the T cell line TKcJY and HL-60 
cells are compared in Fig. 6B. RANTES mRNA levels 
are not affected by phorbol myristate acetate treatment 
of HL-60 cells, but these levels are markedly less than 
those seen with an equivalent amount of T-cell RNA. 
In contrast, MCP-1, HuMIP-la, and HuMIP-lp RNAs 
arc all variably induced in the same cells. MCP-1 is 
not expressed in the T cell line, and its expression is 
highly induced from basal levels in HL-60 cells after 
phorbol ester treatment. HuMIP-la is induced to ap- 
proximately the same level in both cell types, and 
HuMIP-ip is barely detected in the HL-60 cells even 
though it is highly abundant in the T-cell RNA. These 
results exemplify the fact that myeloid and lymphoid 
cells appear capable of regulating these genes differ- 
ently, and even the tightly linked HuMIP-la and 
HuMIP-ip can be independently expressed. 

Table 2 lists the tissues and cell types that have 
been reported to express mRNA fur these cytokines in 
response to various treatments. MCP-1 has the widest 
expression pattern, while expression of the other mem- 
bers of this family, particularly RANTES and 1-309, 
appears to be more restricted. 

There is reason to believe that RANTES/SIS 
cytokines arc differentially expressed in vivo as well. In 
situ hybridization studies in this laboratory have indi- 
cated that while RANTES mRNA expression is wide- 
spread throughout the cortex of the thymus, HuMIP-la 
and -lp expression in the same section is limited to 
discrete locations with highly expressing cells. In situ 
hybridization patterns in the spleen for RANTES and 
HuMIP-la, -lp are also distinct. 22 

The regulatory elements controlling the differen- 
tial expression of these genes, and particularly the 
promoters which allow for such rapid and substantial 
induction of MCP-1 in fibroblasts and HuMIP-la and 
-lp in lymphocytes, would be of considerable interest. 
The precise nature of these regulatory elements is not 
yet defined, but a number of potential controlling 
elements in the presumed regulatory regions of these 
genes have been sequenced (Table 2). Many of these 
sites, particularly those in MCP-1 and 1-309, arc known 
to be conserved between rodents and human.*" 6,71 73 TPA 
response elements, which are consensus API -binding 
sites, an octamer transcription factor consensus bind- 
ing site, and a kB enhancer clement consensus site 
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Figure 6. Northern analysis of RANTES/SIS cytokine mRNA. 

/ .\ uaNTFS HuMIP-l« HuMIP-ip. and MCP-1 mRNA levels in the cultured functional cytotoxic T cell line 
SL^foeaS 

cells nrior to stimulation with alloantigen (t = 0 h) and 2, 6, 24, and 72 h after stimulation. The same blot was 
sSpTd and «r^d with a labeled cDNA representing the coding region for each cytokine. Right panel shows 
elels of wokfne mRNA in fresh peripheral blood mononuclear cells before and after mitogen St.mu ation. The 
5? waltcp red as at^e fronfpBMC stimulated at . = 0 with phorbol ester and PHA. with nine points 
coHe^ed a \Ta and 24 h after stimulation. (B) RNA gel blot containing 7.5 per lane of total RNA isolated 
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Su.a.ton ft = 6 h) and from the promyelocyte leukemia ceil line HL-60 before and after induction w,«h 
phorbol myristate acetate (50 ng/ml, HL-60 induced). 
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have all been detected in the 5' flanking region of the 
human MCP-1 gene. 7 ' 72 In addition, the rat JE gene 
promoter has been shown to contain an identical API 
site, which binds a cellular factor in response to serum 
induction. 73 High levels of mRNA expression are not 
solely a function of gene transcription, however: in- 
creased accumulation of JE mRNA in macrophages is 
reported to be due to increased mRNA stability, 74 and 
the increase of JE mRNA in response to IFN-7 in 
macrophages appears to be a function of cytosolic 
alkalinization. 75 

RECEPTORS 

Recent efforts have sought to characterize the 
RANTES/SIS cytokine receptors, and, though no mo- 
lecular structures have been published to date, some 
useful data is emerging. Yoshimura and Leonard 
report the characterization of MCP-1 binding sites on 



monocytes with an affinity of - 2.0 x 10"* M, and 1,200 
to 3,400 sites/cell. 46 No significant binding to lympho- 
cytes or to a variety of leukemia or lymphoma cell lines 
was seen, nor was binding to neutrophils detected. 46 
This is consistent with the fact the MCP-1 is a potent 
attractant for monocytes but has no effect on neutro- 
phils. Using protein purified from a fibrosarcoma cell 
line, however, Matsushima and colleagues report that 
bound MCP-1 is rapidly internalized and that this 
internalization cannot be inhibited by standard bio- 
chemical methods. The number of binding sites or the 
binding affinity of the MCP-1 receptor was therefore 
impossible to ascertain in that study. 7 ' 

Act-2, one of the HuMlP-1 p variants, binds to sites 
on PHA/PMA-stimulated PBMC, MT-2 cells, HL-60, 
K562, and HeLa cells. 77 Napolitano et al. report a K, of 
7.8 x 10" 9 to 12 x 10 9 M, with between 7,000 and 
10,000 receptors/cell and as many as 45,000 receptors/ 
cell on activated PBMC. Binding was not detected with 
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Table 2. Potential regulatory sequences and distribution of 
expression ofRANTES/SIS cytokines. 



Potential regulatory elements controlling RANTES/SIS cytokine 
gene transcription and distribution of RANTES/SIS mRNA expres- 
sion (both human and mouse). References are listed in parentheses. 



Cytokine 


Possible regulatory 
clement 


Tissues or cells capable of 
expressing mRNA 
(including species 
homntngs) 


MCP-1 


TPA-responsive ele- 
ments ('I RE) 
(API-binding site) 

Oclamer transcription 
factor binding site 

NF-kB enhancer ele- 
ment 

Interferon consensus 

sequence 
Lymphoid ne decanucle- 

otide core sequence 

(71.73) 


Fibroblasts 
Glioma 

Endothelial cells 
Monocytes 

Vascular smooth muscle 
Various non-hemato- 

poictic tumor cells 
PC 12 (rat nerve) cells 
Pigmented retinal 

cpothelial cells 
Epidermal kerati- 
nocytes 


1-309 


NF-kB binding site 
ETA enhancer core 
PU-1 transcription fac- 
tor binding site 
Py early consensus 

sequence 
Ig oclamer 

Lymphokinc dccanucle- 
otide core sequence 
(66,68) 


T cells 
Monocytes 
Mast cells 


R ANTES 




T cells 
HL-60 

RD, MG63 (rhabdo- 
myosarcoma, osteo- 
sarcoma) 


HuMIP-1« 


NF-KB-binding site 

HIV'l enhancer 

Transregulation core 
sequence 

CK-2 transcription fac- 
tor binding site 

SRE core sequence 

GASNE negative regu- 
latory element motif 

Lymphokine deca nucle- 
otide consensus se- 
quence 

Cytokine promoter se- 
quence (1 6,50,51,69) 


T ceils 
H cells 

Monocytic cells 

U937 

HL-60 

Fibroblasts 

Glioma 

HTLV-l-infectedT 

cellfc f constitutive^ 

WHO 1 WlMiliUklTV J 

Mast cells 


HuMlP-10 


HTLV-1 lax responsive 
API -binding site (91) 


T cells 
B cells 

Monocytic cells 
Mast cells 
U937 cells 


HC14 




INF-7-stimulated 
monocytes 



unstimulated PBMC. There has also been a prelimi- 
nary report on the binding of HuMIP-la to U937 
cells. 78 

Data from studies with IL-8 and MCP-1 suggest 
that IL-8 binds to and attracts neutrophils while 
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MCP-1 binds to and attracts monocytes. At least one 
other C-C cytokine, RANTES, attracts monocytes but 
not neutrophils. 07 This raises the possibility that C-X-C 
molecules might generally affect neutrophils while C-C 
(RANTES/SIS) cytokines affect monocytes. Obscrva* 
tions made in this laboratory (unpublished data), that 
recombinant RANTES/Sf S cytokines will mobilize cal- 
cium in monocytes but not in neutrophils, are consis- 
tent with this model. It has been reported, however, 
that murine MlP-la, -1|J, and TCA3 will promote 
neutrophil infiltration in animal studies. 18,65 It has not 
been shown that this is a direct effect, however, and 
there arc no published reports that the human 
RANTES/SIS cytokines have any attractive effects on 
neutrophils either in vitro or in vivo. Since the 
RANTES/SIS cytokines appear to have attractive ef- 
fects on distinct populations of lymphocytes (see be- 
low), it might be expected that each will have its own 
unique cell surface receptor. Alternatively, there may 
be associated accessory binding or signaling proteins 
that confer cytokine-specific effects in different cell 
types. 

Even if the cellular receptors for IL-8 and MCP-1 
are distinct, however, other common binding struc- 
tures may exist for these molecules. Baker and col- 
leagues have observed displaceable high-affinity bind- 
ing of IL-8 and MCP-1 to the surface of erythrocytes. 
Moreover, it appears that IL-8 and MCP-1 compete for 
the same high-affinity sites on these cells. 79 It has been 
postulated that red cells may act as a physiological 
"sink" for these chemotactic substances in the blood. 79 
This mechanism could provide for the sequestering of 
chemotactic compounds in the blood and prevent their 
action at inappropriate times or on physiologically 
inappropriate targets. 

Lastly, since it appears the murine MIP-1 proteins 
effect their febrile actions directly on the hypothala- 
mus, 80 it will be of interest to see if the structures of the 
brain receptor and immune receptor arc similar. 

PHYSIOLOGICAL AND PATHOLOGICAL 
ROLES FOR RANTES/SIS CYTOKINES 

Inflammatory Activities 

The migration of neutrophils and mononuclear 
phagocytes to injured tissues is a hallmark of inflamma- 
tion. Once at the inflamed site, these cells are activated 
to destroy microorganisms and cellular debris, remove 
injured and degraded endogenous tissues, and mount 
an immune response. The complex cascade of inflam- 
matory events is mediated through the various cells 
near the inflamed site, which are in turn attracted to 
that site by various chemotactic substances including 
bacterial membrane components, complement protein 
fragments, and lymphokines. 
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The mouse homologs of RANTES/SIS cytokines 
have been shown to have a variety of proinflammatory 
activities. In animal studies the murine MTP-1 protein 
preparation causes: (1) footpad swelling characterized 
bv neutrophil influx in endotoxin-resislant mice; {Z) 
neutrophil influx followed by a monocytic infiltrate 
after intracisternal injection in rabbits; and (.*) a 
prostaglandin-independent fever response in rabbits. 
In vitro, murine MIP-1 is mildly chemotacUc for human 
neutrophils and causes an oxidative burst in these cells 
at high concentrations (for review see reference 47). 
Partially purified recombinant TCA3, the murine ho- 
molog of 1-309, also causes swelling and neutrophil 
accumulation after injection in mouse footpads. Much 
less information has been published on punned recom- 
binant proteins, particularly in the human system. 
MCP-1 has potent monocyte chcmotactic activity in 
vitro, but does not attract neutrophils.^ Injection ot 
MCl'-l into rat ears is followed by a monocytic infiltra- 
tion after 6 hours with a maximal response after 16 
hours " RANTES has also been reported to attract 
monocytes, but not neutrophils, in vitro, as well as very 
specific T cell subsets. 67 Little data has been published 
on the activities of HuMIP-l« and -1(5 or 1-309. Studies 
in this laboratory with conditioned media containing 
recombinant HuMIP-la and -lp proteins fail to detect 
significant neutrophil attraction and donor to donor 
variation in monocyte attractive potential (unpub- 
lished observations). HuMIP-la and -lp do attract 
distinct populations of lymphocytes in in vitro assays 
(reference 22, and see below). _ 

Much of the in vitro evidence obtained using 
recombinant human RANTES/SIS cytokines is consis- 
tent with the idea that the C-C cytokines in the PF4 
superfamily might play a role in chronic ^manon 
as mediated through monocytes, while C-X-C proteins 
are involved in acute inflammation as mediated through 
neutrophils. Clearly further experimentation is needed 
both in vitro and in animal models with purified 
recombinant cytokines to address this question. 

Lymphocyte Trafficking and Hematopoietic 
Regulation 

Several recent findings suggest that RANTES/SIS 
cytokines may be important in lymphocyte trafficking 
and in the regulation of hematopoietic progenitor cells. 
Trafficking involves the migration of different popula- 
tions of lymphocytes at the proper time to sites ot 
infection or other antigenic challenge. This process can 
be thought to contain two main components: homing 
and migration. Homing involves adhesion, and homing 
receptor molecules have recently been characterized 
that mediate the passage of leukocytes as a class from 
the blood to the tissues via the endothelium. However, 
chemoattractant substances responsible for the migra- 
tion of specific subsets of lymphocytes to antigenic sites 
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have been largely unknown. RANTES appears to 
selectively attract T cells of the memory/helper pheno- 
type in vitro, without affecting B cells or Tcells of other 
phenotypes (Fig. 7, reference 67). Memory r cells, 
which can be differentiated from naive T cells based on 
the type of leukocyte common antigen (CD45) isoform 
they express, are immunologically experienced cells 
with enhanced proliferative and cytokine-producing 
potentials. Memory T cells are thought to be key 
players in chronic inflammation and a variety of autoim- 
mune diseases. Additionally, studies with HuMIP-ip 
in vitro show it to preferentially attract naive helper 1 
cells, while HuMIP-la attracts killer T eel Is and B 
lymphocytes in a concentration-dependent fashion. 
These specific, non-overlapping, attractive functions 
indicate that RANTES/SIS cytokines can feet most 
of the major subsets of immune effector cells (hig. «), 
and suggest that they may have key roles in lymphocyte 

trafficking. . 

Murine MfP-1 proteins have been shown to be 
regulators of various hematopoietic progenitor • eel s. 
MIP-1 can syncrgisc with GM-CSF and M-CSF to 
enhance the formation of granulocyte-macrophage 
colonies by murine granulocyte/macrophage progeni- 
tor cells (CFU-GM). 4 ' Tn contrast, MlP-lo, but not 
M1P-1P, is a specific inhibitor of h^atopoieUc stem 
cell proliferation. 2 " The idea that RANTES/SIS cyto- 
kines may have growth- and proliferation-regulating 
activities is an intriguing one. In another situation 
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Figure 7. Selective attraction ot memory T helper cells in response 
to RANTES. 
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Figure 8. Possible roles Tor RANTES/SIS cytokines in leukocyte 
trafficking. 

Schematic representation of the attract ive potentials of RANTES/ 
SIS cytokines for distinct subpopulations of immune effector cells, 
based on in vitro che mo taxis assays. 



where proliferation is controlled, T ceil anergy induc- 
tion, we have shown that mRNA for HuMIP-la and 
HuMIP-lp is superinduced, relative to normal antigen 
induction, during the development of the non-respon- 
sive state/ 1 

Roles in Wound Healing 

There has been much speculation about the roles 
PF4 superfamily cytokines in wound healing. Most of 
these activities have been associated with the C-X-C 
branch of the superfamily, but a small body of work to 
date indicates that C-C cytokines might also have roles 
in this setting. Experiments using wound healing cham- 
bers have detected murine MIP-1 cytokines in early 
wound inflammatory cells, and MIP- 1 has been shown 
to stimulate wound fibroblasts to produce IL-i and 
IL-6. 82 Epidermal keratinocytes have been shown to 
produce MCP-1, 63 and dermal fibroblasts can be in- 
duced to express mRNA for MCP-1, HuMfP-la, and 
RANTES (reference 51 and unpublished observa- 
tions). Recombinant RANTES/SIS cytokines have not 
been found to have keratinocyte chemoattractant prop- 
erties in vitro (unpublished observations). 

RANTES/SIS Cytokines in Tumors 

A diverse collection of non-hematopoietic solid 
tumor cell lines secrete a monocyte chemoattractant 
protein highly related or identical to MCP-1/ 1 It has 
long been known that monocytes and lymphocytes can 
make up the majority of the mass of certain solid 
tumors (for review see reference 83), and it has been 
suggested that MCP-1 may be responsible for this 
monocyte component. 61 Interestingly, Graves et al. 
report that a polyclonal antibody raised against baboon 
MCP-1 could abrogate 100% of the monocyte ehemo- 
tactic activity released by many solid tumor cells lines, 



including RD, a rhabdomyosarcoma, and MG63, an 
osteosarcoma. 61 Wc have noted, however, thai both of 
these cell lines also express RANTES mRNA (Fig. 9). 
The level of RANTES mRNA expressed in these cells 
is far less than that expressed in T cells, and less than 
the level of MCP-1 RNA. Because the anti-MCP-I 
antibody neutralizes the monocytc-atlracting activities 
produced by RD and MG-63," it is possible that it 
cross-reacts with RANTES. Alternatively, RANTES 
may be transcribed but not synthesized by these cells, 
or the concentration of RANTES secreted by RD and 
MG63 may not be within the effective range of mono- 
cyte chemoattraction. We do not detect HuMIP-la or 
-lp RNA in these cells (Fig. 9). Production of RANTES 
by solid tumor cells could explain in part the associa- 
tion of lymphocytes with certain tumors. 

MCP-1 may activate monocytes to release cyto- 
static and perhaps cytotoxic activities. Purified MCP-l 
was shown to stimulate normal human monocytes to be 
growth inhibitory in vitro for several human tumor cell 
lines." 1 * 1 Moreover, Rollins and Sunday report that 
tumor formation in vivo is suppressed when malignant 
cells are engineered to express the MCP-1 gene.* 4 
Chinese hamster ovary (CHO) or human HeLa cells 
selected to express varying levels of exogenous MCP-1 
do not form tumors when injected into nude mice, 
while unaltered cells form large tumor masses. The 
inhibitory effect works in trans — unaltered cells will 
not form tumors when coinjected with MCP-1- 
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Figure 9. Expression of RANTES/SIS cyloki nes by non-hematopoi- 
etic solid tumor cells. 

Northern blot analysis of 50 u,g of total RNA from the osteosarcoma 
line MG63, the rhabdomyosarcoma RD, and the leiomyosarcoma 
SK-LMS-1. The same blot was stripped and reprobed with a labeled 
coding-region cDNA for each of the cytokines listed. 
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expressing cells-and is also MCP-1 dose-dependent— 
malignant cells expressing low levels of introduced 
MCP-1 show tumor suppression for only short periods 
while cells expressing high levels fail to form tumors 
even 1 year after injection. Thus, MCP-1 may be 
involved in host immune surveillance against tumors. 
Somewhat paradoxically, clinically obtained tumor- 
associated leukocytes are frequently ineffective at kill- 
ing host tumors. This, coupled with the observation 
that many solid tumor cell lines express and secrete 
MCP-1, 61 raises the possibility that the interaction 
between tumor and leukocyte is somewhat beneficial to 
the tumor. One possibility is that tumors might pro- 
duce MCP-1 and R ANTES to derive potential bene- 
fits, such as leukocyte-produced angiogenesis factors, 
or to acquire an insulative cover of inactivated immune 
cells to provide a shield against more effective host 
surveillance. 

RANTES/SIS Cytokines in Atherosclerosis 

Enhanced recruitment of monocytes from the 
blood to the arterial intima is a feature of atherosclero- 
sis. Foam cells characteristic of early atherosclerotic 
lesions known as fatty-streaks are thought to be macro- 
phage derived. In vitro studies show that MCP-1 can be 
secreted by several of the major components of the 
arterial wall: endothelial cells, fibroblasts, and arterial 
smooth muscle cells. 3 ^"' MCP-1 produced by any of 
these cell types could account for the initial attraction 
of monocytes, resulting in fatty streak formation, subse- 
quent endothelial cell damage, and exposure of the 
basement membrane. One potential early stimulus of 
MCP-1 secretion could be minimally modified low 
density lipoprotein (MM-LDL), which has been shown 
to induce MCP-1 production in endothelial cells and 
smooth muscle cells. 85 Once platelets adhere to the 
exposed basement membrane, PDGF could provide 
additional MCP-1 induction in fibroblasts. Thus an 
amplifying loop of MCP-1 production could be set up 
and might include production of MCP-1 by the at- 
tracted monocytes themselves once activated at the site 
of the growing neointimal plaque. 

In situ and in vivo studies are beginning to lend 
support to some of these ideas. Marmur et aL report 
that rat aortas subjected to balloon dilation rapidly 
express high levels of JE protein. 86 The same report 
shows JE to be a chemoattractant for vascular smooth 
muscle cells in vitro. Nelkin et al. report in situ 
detection of MCP-1 RNA in diseased, but not normal, 
arteries. 87 In human carotid endarterectomy speci- 
mens, MCP-1 was detected primarily in macrophage- 
rich regions underlying the necrotic core of the plaque 
and in organizing thrombi. Expression was also de- 
tected in localized vascular smooth muscle cells but 
not, surprisingly, in endothelial cells. MCP-1 was also 
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expressed in proliferative neointimal lesions of heart 
transplant antherosclerosis. 

Studies in this laboratory extend these findings to 
HuMIP-la, -IP, and RANTES. We detect high levels 
for each of these mRNAs in situ in normal carotid 
plaque and in heart transplant atherosclerosis (refer- 
ence 26 and T. Schali, A. Augustine, and J. Wilcox, in 
preparation). HuMlP-la, and -10 are typically coex- 
pressed, with very high levels of mRNA present m a 
band of macrophages running through the neointima 
in several specimens, an example of which is shown in 
Fig. 10. RANTES mRNA is not detected in the same 
cells expressing HuMlP-la and -10, but is highly 
expressed in lymphocytes and macrophages typically 
more proximal to the lumen. The patterns of expres- 
sion seen in some of the lesions examined suggest 
positive feedback mechanisms for these cytokines and 
possible differential expression of these cytokines at 
various stages in the progression of arterial disease. 

Possible Roles in Rheumatoid Arthritis 

The rheumatoid synovial environment is an area of 
intense immunological activity, characterized by a 
proliferation of synovial lining cells and the accumula- 
tion of inflammatory cells, including mononuclear cells 
and lymphocytes. Ultimate destruction of joint tissue is 




Figure 10. Darkfleld polarized-light eplhimlnescence view of ca^ 
rotid transplant atherosclerotic plaque. 

Shown is hybridization (bright grains) for HuMlIMfJ in individual 
cells of luc smooth muscle media (SMM) and in a band of cells in the 
neointimal plaque (Nl). Arrow, position of interna) clastic lamina; L, 
lumen. Four-week exposure, 125 x magnification. 
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thought to occur partially as a result of the degradative 
activities of these inflammatory cells. The substances 
responsible for the accumulation of leukocytes in the 
rheumatoid synovial environment have been unknown. 

Brennan ct al. have reported the presence of IL-8 
in rheumatoid synovial fluid and IL-8 mRNA expres- 
sion by isolated synovial cells. 88 Rathanaswami et al. 
find very high concentrations of IL-8 released from 
rheumatoid synovial fibroblasts after stimulation in 
culture with TNF-a or IL-L 89 In addition, we have 
detected the expression of the RANTES/SIS cytokines 
in fibroblasts cultured from rheumatoid joints. MCP-1, 
RANTES, and HuMIP-la all appear to be massively 
induced and secreted after stimulation of these cells 
with IL-l or TNF (unpublished observations). In fact, 
this is the only setting in which the relatively rapid 
induction of RANTES mRNA has been detected. 

Many of the features of the rheumatoid synovial 
environment suggest possible roles for RANTES/SIS 
cytokines. The presence of a large number of infil- 
trating mononuclear cells and polymorphonuclear leu- 



kocytes could be a response to the elaboration of 
MCP-1, RANTES, and IL-8. Moreover, memory T 
helper cells seem to be attracted to and retained at the 
proliferating synovial lining. Since both RANTES and 
IL-8 have been shown to be attractants for T cells, 6700 
they may play a role in the association of T cells and the 
synovial lining in rheumatoid disease processes. 

SUMMARY AND PERSPECTIVES 

The discovery and characterization of the 
RANTES/SIS cytokines and the PF4 superfamily to 
which they belong has defined a new area in immunobi- 
□logy. Clearly much remains to be done in this area. Of 
particular interest will be the nature of the specific cell 
surface receptors for these cytokines and their signal 
transduction mechanisms. In addition, there are at 
least three areas where understanding the regulation 
of the expression of these genes would be of interest: 
(1) elements responsible for the very active transcrip- 
tional kinetics of most of these genes in stimulated 



■ >\ Masl*Cei' 



1-309- 



C RANTES_ 

MIP -1a 
MlP-tp 



Figure 11. Possible Involvement of RANTES/SIS cytokine* in immune and homeostatic regulation. 

In this partial listing of ihe network involving these molecules, arrows pointing away denote cells known to 
express mRNA or secrete protein for the cytokine listed. Arrows pointing in indicate cells known to respond to, 
or to have binding sites for, the cytokines listed. Question marks indicate activities or sites of mRNA expression 
for which some preliminary evidence exists. Some functions where IL-8 is known to be involved have been added 
for comparison. The murine MIP designation has been used throughout, and any activity identified for the 
murine MIP- 1 protein preparation is listed here with both proteins, MlP-ia and MTP-1 0. 
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cells; (2) elements responsible for the restricted range 
of tissue expression; and (3) elements governing the 
inverse expression patterns of such genes as RANTES 
and the HuMIP-1 genes in T lymphocytes. The cooper- 
ative and synergistic activities of the cytokines in this 
family bear further investigation, as do the effects of 
these cytokines on the inhibition and stimulation of 
various cell types. For example, do the inhibitory 
properties of MlP-lct on hematopoietic stem cells 
extend to other cell types, and can other cytokines of 
this class also affect the proliferative potentials of 
cells? Moreover, what is the functional significance of 
the microvariant HuMIP-1 proteins and do variant 
clones such as P500 and MAD-5a represent alterna- 
tively spliced transcripts that encode proteins structur- 
ally different from the other RANTES/SIS cytokines? 

The body of data reviewed here gives evidence for 
the involvement of the RANTES/SIS cytokines in an 
impressive array of immunoregulatory and inflamma- 
tory functions and in a number of pathological condi- 
tions. These cytokines may act as key links between a 
variety of ceils and tissues, providing common threads 
between physiological and pathological states. Figure 
11 traces some of these links, and highlights the fact 
that these cytokines are at once diverse in distribution 
yet specific in function. Monocyte chemoattraction, for 
example, is an important component of such diverse 
states as inflammation, the growth of certain solid 
tumors, and the development of atherosclerotic le- 
sions. These states, varied as they are, could all be 
mediated in part through the specific action of MCP-1. 
In like fashion, the extraordinary ability of RANTES to 
attract specific T cell subsets makes it an attractive 
candidate for roles in conditions where T cells predom- 
inate, including autoimmune disease, certain neo- 
plasms, and chronic inflammatory conditions. Indeed, 
if the actions of the RANTES/SIS cytokines in vivo 
mirror those exhibited in vitro, they may mediate 
essential processes in lymphocyte trafficking through 
their ability to target distinct subsets of immune 
effector cells. Further investigation of these molecules 
and their properties could provide key insights into 
basic immune function and could lead to advances in 
the clinical manipulation of autoimmune disorders, 
cancer, atherosclerosis, and chronic inflammation. 
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Note Added in Proof 

A new murine member of the C-C branch of the 
PF4 superfamily, C10, has been described, 92 and recom- 
binant human 1-309 protein has been reported to be a 
chemoattractant for monocytes but not for neutrophils 
in vitro. 93 
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